We transformed the European pear (Pyrus communis L.) 'La France' and 'Ballade' with the Citrus FLOWERING LOCUS T (CiFT) gene, which induces early flowering. Subsequent DNA blot analysis of the transformed and wild-type plants indicated that the transformed plants carried 1-4 copies of CiFT. Of the 8 transformed 'La France' and 7 transgenic 'Ballade' plant lines obtained, 7 and 5 lines respectively, flowered early when cultivated in vitro in a micropropagation medium. No correlation was found between the CiFT copy number and early flowering in vitro, however, the results of RNA gel blot analysis indicated a strong correlation between the expression of the CiFT gene and floral bud differentiation in vitro. Flowers that developed in vitro differed from wild-type flowers in terms of phenotypic traits, such as the number of pistils, petals, sepals, and stamens. To investigate the inheritance pattern of the CiFT gene, we obtained 15 seeds from the fruits of P. communis L. 'Bartlett' plants that were cross-pollinated with transgenic line No. 6, which had the second highest expression of the transgene. Of 7 seedlings that expressed the CiFT gene, 5 flowered within 10 months after they were transferred to a greenhouse. This result indicated that the CiFT gene induced early flowering in the transformed pear plants and that their progeny inherited the early flowering phenotype.
Introduction
In fruit trees such as the European pear (Pyrus communis L.), 5-7 years are generally required to set flowers and fruits. This long juvenile phase does not permit early evaluation of reproductive traits, such as the fruit size, quality, and ripening, and thereby constitutes a serious issue that affects endeavors to promote breeding and economic cultivation and hampers physiological and molecular biological studies. Recently developed molecular biological techniques have enabled the profiling of genes expressed during fruit development and maturation and the cloning of various genes, especially those expressed in the reproductive tissues. Because of the long juvenile phase, functional analyses of genes expressed in the reproductive organs requires more than 5 years after transformation to obtain results. The long juvenile phase is the primary factor restricting the efficient breeding of fruit trees and functional genomic analyses.
In Arabidopsis, various genes that control floral meristem identity, such as LEAFY (LFY; Weigel et al., 1992) , APETALA1 (AP1; Mandel et al., 1992) , and TERMINAL FLOWER 1 (TFL1; Bradley et al., 1997) , have been isolated. Furthermore, in transgenic Arabidopsis plants, the overexpression of LFY or AP1 shortens the juvenile period and induces early flowering (Mandel and Yanofsky, 1995; Weigel and Nilsson, 1995) , whereas the overexpression of TFL1 induces late flowering (Ratcliffe et al., 1998) . TFL1 plays a particularly important role in maintaining the inflorescence meristem by suppressing the expression of LFY and AP1 in the shoot apical meristem (Liljegren et al., 1999; Ratcliffe et al., 1998) .
Homologues of LFY, AP1, and TFL1 have been isolated from various fruit tree species, such as grapevine (Vitis vinifera), apple (Malus × domestica), Japanese pear (Pyrus pyrifolia), European pear (P. communis), quince (Cydonia oblonga), Chinese quince (Chaenomeles sinensis), and loquat (Eriobotrya japonica) (Carmona et al., 2002; Esumi et al., 2005; Kotoda and Wada, 2005; Kotoda et al., 2002) . Furthermore, MdTFL1, a homolog of TFL1, maintains the inflorescence meristem in Arabidopsis (Kotoda and Wada, 2005) , and the antisense expression of MdTFL1 shortens the juvenile phase in transgenic apple trees (Kotoda et al., 2006) . FLOWERING LOCUS T (FT) is a flowering-time gene in Arabidopsis and is characterized as a floral pathway integrator. The transition from the juvenile phase to the reproductive phase is controlled by various factors, such as the photoperiod, temperature, and gibberellin levels. The expression of the FT gene is regulated by multiple pathways and affects flowering (Araki, 2001) . FT is a member of a small gene family that includes homologues of TFL1 [also known as CENTRORADIALIS (CEN)] in angiosperms; its function in floral transition is antagonistic to that of TFL1 (Kardailsky et al., 1999) .
CiFT, which is an FT homologue, has been found in the expressed sequence tag (EST) catalogue of a cDNA library constructed using from the fruit of the satsuma mandarin (Citrus unshiu Marc.) (Hisada et al., 1997) . When CiFT was introduced into the trifoliate orange, the flowering period was dramatically shortened in the transformed plant (Endo et al., 2005) . Furthermore, flowering could be induced in vitro in all transgenic plants. In this study, a Citrus homologue of the FT gene was introduced into the European pear (P. communis L. 'Ballade' or 'La France') in the sense orientation, and 12 of 15 transformed pear plants exhibited floral bud differentiation in vitro, within as little as 1 month from the time of regeneration.
Materials and Methods
Agrobacterium strain, vector, and transformation of P. communis L. The vectors pCGN35SCiFT (Endo et al., 2005 , Fig. 1 ) and pIG121-Hm (Hiei et al., 1994) with and without the CiFT gene were introduced into the Agrobacterium tumefaciens strain EHA105 (Hood et al., 1993) . This strain was then used to transform P. communis L. 'Ballade' by the leaf disc method and 'La France' by the axillary shoot meristem method (Matsuda et al., 2005) . Subsequently, regenerated kanamycin (Km)-resistant shoots were grafted onto the rootstock (a Pyrus betulaefolia seedling) in a greenhouse to enhance the growth of flowers.
DNA gel blot analysis
A 163-bp fragment of the CiFT gene was amplified using a pair of primers [5'-CAA CGA TGG GGA TTC ACA G-3' (forward) and 5'-TCC CTC TGG CAG TTG AAG T-3' (backward)] that were labeled with digoxigenin (DIG; Roche Diagnostics Corp., Basel Switzerland) and used as a probe 1 for hybridization (Fig. 1) . Genomic DNA was extracted from the leaves of Km-resistant shoots using a modified version of the cetyltrimethylammonium bromide (CTAB) protocol (Yamamoto et al., 2000) . First, 5 μg DNA was digested with XbaI or double-digested with KpnI and HindIII. The digested DNA was electrophoresed on a 0.8% agarose gel and then transferred onto a nylon membrane (Hybond-N; GE Healthcare, Buckinghamshire, UK). Hybridization and washing were carried out at 63°C, according to the manufacturer's instructions (Roche Diagnostics Corp.). Signals were detected using a chemiluminescence substrate, phenyl-phosphate disodium (CSPD; Roche Diagnostics Corp.).
RNA gel blot analysis
We used the cold phenol method (Tao et al., 1999 ) to extract total RNA from the leaves of transformed shoots grown on a micropropagation medium. RNA bands on the gel were transferred onto a nylon membrane and hybridized using probe 2 labeled with DIG by PCR (Fig. 1) . The probe sequence corresponded to that of a CiFT gene fragment (350-bp), which was amplified using the following primer sequences: forward sequence, 5'-TGT ATT TGT TTG TGC TTA GT-3' and reverse sequence, 5'-AAA GCT GGC CCC TGT GGT TGC-3'. Hybridization, washing, and detection procedures were carried out under the conditions described above for DNA gel blot analysis. The strongest hybridization signal obtained for each panel was set to 100, and the remaining signals were quantified using NIH image (http:// rsb.info.nih.gov/nih-image/, May 26, 2009).
Observation of floral buds and organs in vitro
To observe the floral structure, we transferred CiFTtransformed and non-transformed shoots onto a growth medium containing Murashige-Skoog (MS) basal salts and vitamins (Murashige and Skoog, 1962) , 5 μM zeatin, 1 μM indole-3-butyric acid (IBA), 30 g·L −1 sucrose, and 0.8% agar (pH 5.8), with or without 50 mg·L −1 Km and 500 mg·L −1 sulbenicillin (Sb). To examine the rate of floral bud differentiation, CiFT-transformed and nontransformed shoots having 1 axillary bud were transferred into micropropagation medium and grown for 4 weeks. For each experiment, more than 21 shoots were used per plant line, and shoots with differentiated floral buds were counted. The experiments were replicated 3 times, and the data are shown as the average of those obtained in replicated experiments.
Inheritance of the CiFT gene by the F 1 Progeny
Five-to seven-year-old Pyrus communis L. 'Bartlett' plants grown in pots in a greenhouse were prepared for pollination with transgenic plants. The flowers of plant line No. 6 were excised from the shoots, and the anthers were removed and dried overnight at room temperature. Pollen from these anthers was used to pollinate the flowers of potted 'Bartlett' plants. Plants that developed fruit were grown in a greenhouse for approximately 4 months. Seeds were removed from the fruits and stored at 4°C for more than 2 months to break dormancy, after which the germinated seeds were potted and grown in a greenhouse. Genomic DNA was extracted from the young leaves of these F 1 seedlings using a previously described method (Yamamoto et al., 2000) and was used as a template for PCR. PCR analysis was performed by the conventional method, using a primer pair used to make the probe for DNA blot analysis DIG labeling.
Results and Discussion
DNA and RNA gel blot analyses of the transformed plants A binary vector carrying the CiFT gene driven by a cauliflower mosaic virus (CaMV) 35S promoter was transferred into the European pear to examine the induction of flowering. We obtained 8 Km-resistant plants from each of the cultivars 'La France' and 'Ballade' using the axillary shoot meristem and leaf disk methods, respectively (Matsuda et al., 2005) . Subsequent DNA gel blot analysis performed using a 163-bp fragment of CiFT as a probe yielded a band of approximately 1.7-kb, as expected, in all transformed plants except for plant No. 18 ( Fig. 2A ). An unexpected additional band was obtained for plant Nos. 7, 21, and 22. Nevertheless, the 1.7-kb signals obtained revealed that all regenerated shoots were transgenic, except for those of plant No. 18. Further analysis revealed the other information, such as the putative copy number of the transformed plants. We estimated the copy number from information on the vector construct as below: plant No. 8 carried 4 copies of the gene; plant Nos. 15, 19, 20, and 21 carried 2 copies; and the other plants carried 1 copy (Fig. 2B) . On the other hand, no band corresponding to the CiFT transgene was detected for the transformed plant line No. 18, which was confirmed to harbor the neomycin phosphotransferase II (npt II) gene (data not shown), or for non-transformed and negative control plants harboring the β-glucuronidase (GUS) gene ( Fig. 2A) . For transcriptional analysis of the CiFT transgene in transformed plants, total RNA was extracted from the leaves of each shoot that had been micropropagated in vitro for 4 weeks, and it was used for RNA gel blot analysis (Fig. 3 ). Transcripts were detected with varying signal intensity in transformants. The relative expression levels were calculated and used in subsequent analyses to determine their correlation with the number of differentiated floral buds (Fig. 4) . RNA blot analysis showed that all transformed plant lines expressed the introduced CiFT, except for line No. 18, which expressed the introduced npt II gene only (Fig. 3, data not shown) . These CiFT expression levels of transformed lines have no correlation with the putative copy number of the transformed lines, and this result was the same as a previous report in trifoliate orange (Endo et al., 2005) ; however, in this report we used only one restriction enzyme to estimate the copy number of transformed plants so that further analysis using more enzymes might be necessary to determine those copy numbers and the correlation with the introduced CiFT expression level.
In vitro floral differentiation
The transformed plants developed floral buds on their axillary shoots 4 weeks after they were transferred to the micropropagation medium. The rate of floral bud differentiation are shown in Figure 4 . Of the micropropagated shoots in plant line No. 5, 60% developed floral buds with short internodes and extensive branching. In contrast, non-transformed and negative control plants did not develop any floral buds. The rate determined for all the plants, i.e., transformed, non-transformed, and negative control plants, correlated with the relative CiFT expression levels in the cvs. 'La France' (R 2 = 0.886) and 'Ballade' (R 2 = 0.657; Fig. 4 ). In the wild-type plants, 1 floral bud produced 3-8 flowers, each of which had 5 sepals, 5 petals, 15-20 stamens, and a cluster of 5 pistils (Fig. 5A ). In contrast, 1 month after the plants were transferred to regeneration medium, each floral bud produced 1 flower at the tip of the micropropagated shoot. All the transformed plants had an abnormal number of floral organs: 0-5 sepals, less than or more than 5 petals, 0-20 stamens, and less than 3 pistils (Fig. 5) ; however, pollen germination and tube growth were observed in these plants, suggesting that the pollen grains could possibly be used for crosspollination and the establishment of new generations (data not shown).
Strong ectopic expression of the CiFT transgene, as was noted in transformed plant line No. 5, enhanced the development of floral buds, shortened the stem nodes, and caused extensive branching; however, the floral buds in this case turned brown and died before flowering. In other plant lines, which showed low CiFT expression, we also observed on abnormal number of floral organs, e.g. more than 5 petals in No. 1, although normal stem Each lane contained 10 μg total RNA, which was isolated using the cold phenol method (Tao et al., 1999) . The blot was probed with a DIG-labeled CiFT gene-specific fragment, washed thoroughly with 0.1× standard saline citrate and 0.1% sodium dodecyl sulfate at 63°C, and exposed to X-ray film for 30 minutes.
nodes (Fig. 5B, 5C ). This suggests that overexpression of the introduced CiFT affects gene activity, which regulates the formation of floral organs such as MADSbox genes. In a previous study, floral transition genes affected meristem determinacy in Arabidopsis (Melzer et al., 2008) , and similar changes occur in pear; however, further gene function analysis is required to reveal the interaction between induced CiFT expression and the activity of those genes. In a previous study, shortened stem nodes and extensive branching were observed in Citrus plants carrying the CiFT transgene; nevertheless, even plants expressing this gene at the highest levels produced fruit (Endo et al., 2005) ; however, the overexpression of FT might impair the growth of reproductive organs in the European pear, possibly by inducing the vegetative organs to compete with these organs for nutrients.
Early flowering phenotype in the F 1 progeny of transformed plants carrying the CiFT gene To investigate the inheritance pattern of the CiFT gene, we collected 15 seeds from the fruit of P. communis L. 'Bartlett' plants that had been pollinated with the transgenic line No. 6 (Fig. 4) , which had the second highest expression of the CiFT gene. Of 15 F 1 -generation seedlings, 7 inherited the CiFT gene (Table 1) . The results of DNA gel blot analysis suggested that transgenic plant line No. 6 carried 1 copy of the transgene; therefore, we inferred that CiFT segregation occurs with a Mendelian ratio of 1 : 1 (P = 0.80) in F 1 progeny. In addition, 5 of the 7 seedlings that inherited the CiFT gene flowered within 10 months after they were transferred to a greenhouse (Table 1 and Fig. 5 ). This finding indicated that the CiFT gene induced early flowering in the seedlings.
A previous study showed that the CiFT gene produced the early flowering phenotype in trifoliate orange (Endo et al., 2005) . Transformed trifoliate orange plants that had the highest expression of the CiFT transgene flowered early, within 1 year from the time of their transfer to a greenhouse. Similarly, in the present study, transformed plants that overexpressed this transgene flowered early in vitro, demonstrating that the CiFT gene enhances the flowering function in the European pear, a heterologous plant. Harada and Murai (1998) reported that prolonged subculture (more than 5 years) under cool conditions on medium containing N-(2-chloro-4-pyridyl)-N′-phenylurea (CPPU) is required to induce flowering in the European pear in vitro. The correlation between the rate of floral bud formation and the expression level of the CiFT transgene indicates that CiFT enhances the progression from the juvenile state to maturity in at least 2 genera, Poncirus and Pyrus. Recently, Böhlenius et al. (2006) demonstrated that FT in poplar controls the timing of flowering. These similarities in the functions of FT and its orthologs suggest that the FT-mediated flowering mechanism may be conserved in plants.
Plants of the family Rosaceae, such as the European pear, have a long juvenile phase, which hampers the breeding of cultivars and examination of the plant reproductive organs; therefore, techniques for shortening the juvenile phase or promoting floral bud differentiation, such as transformation with flowering-related genes, could serve as powerful tools for these purposes. Recently, many genes involved in reproduction-related processes, such as the morphogenesis of reproductive organs, the establishment of self-incompatibility, the development and ripening of fruits, and the production of fruit color and secondary metabolites, have been isolated and characterized through genomic and transcriptome analyses (Giovannoni, 2004; Lange, 1998; Takos et al., 2006; Yamane et al., 2003) . However, the successful use of transformation techniques has rarely been reported for fruit trees. Among plants of the family Rosaceae, successful routine transformation has been reported only for the apple (Kotoda et al., 2006) and the European pear (Gao et al., 2002) . Our study demonstrates that plants transformed with the CiFT gene could serve as models for molecular genetic analyses performed to elucidate the reproductive mechanisms of plants.
